Background Identification of a non-invasive technique to assess embryo implantation potential in assisted reproduction would greatly increase success rates and lead more efficiently to single embryo transfer. Early studies suggested metabonomic analysis of spent culture media could improve embryo selection. The goal of this study is to assess if embryo implantation can be predicted based on proton nuclear magnetic resonance ( 1 H NMR) profiles of spent embryo culture media from patients undergoing transfer of multiple embryos on cycleday 3.
Introduction
Wide-spread use of in vitro fertilization (IVF) has significantly increased the number of multiple births [12] . In fact, in the United States more than 30 % of pregnancies resulting from assisted reproduction technology (ART) are twins or higherorder multiple gestations; additionally, 51 % of all ART neonates are the products of multiple gestations, having a significant impact on individual/public healthcare and costs [34] . Multiple pregnancies are principally caused by the transfer of more than one embryo in a single cycle, given that monozygotic twinning occurs only in 1-2 % of embryos transferred [14] .
A potential solution to this problem is to develop improved methods for embryo selection to permit single embryo transfer. One such method is to culture embryos to the blastocyst stage. Indeed blastocyst transfer has been associated with improved pregnancy rates [4] . However, not all patients qualify for blastocyst transfer and therefore cleavage embryo transfer remains common, in particular in patients with less than optimal prognosis, and may be preferred in some situations to prolonged in vitro culture [13] . Since it is well known the routinely used morphological criteria are not sufficient to identify implantable embryos, techniques that improve embryo selection at the cleavage stage, when multiple embryos are often transferred, would be particularly useful [22] . As a result, elective single embryo transfer (eSET), would be more widely utilized and greatly reduce the risk of multiple pregnancies.
Recently, several studies focused on developing novel non-invasive methods for predicting implantability and thus improved embryo selection. The measurement of amino acid concentrations, soluble human leukocyte antigen G expression, and oxygen consumption in culture media have all been reported to be associated with improved embryo implantation [16] . More recently the use of metabonomics of spent culture media has been studied by several groups. In particular, profiling using Raman, near-infrared spectroscopy (NIR) [25, 28, 32] or proton nuclear magnetic resonance spectroscopy ( 1 H NMR) [18, 26] have been proposed to predict implantability. However, none of these techniques has yet been validated for clinical application [17, 21] and two randomized control trials using Near Infrared (NIR) technology have recently failed to find a beneficial effect [11, 31, 33] .
The primary goal of the paper was to assess if 1 H NMR profiling of day 3 spent culture media would enable prediction of implantation success in patients undergoing multiple embryo transfer. NMR technology has distinct advantage in analyzing metabolic profiles in small volume of specimens with high precision. Unlike Near Infrared (NIR) or Raman technology, which distinguishes unique molecule groups, NMR is able to define specific metabolites. Although the technology is not currently for real-time diagnosis due to its expensive and large-sized equipment, low throughput, and special expertise required, it is a great exploratory research tool.
A secondary goal was to analyze if different components of culture media (addition of different protein sources or different composition of the media) would alter the prediction potential, since media and protein supplement varies in different laboratories and commercially available media frequently change product compositions. An effective diagnostic metabonomics technology should be able to be applied to different types of culture media that are routinely used in the embryology laboratory.
Materials and methods

Patient selection, treatment and media sample collection
Patients were treated at the University of California, San Francisco (UCSF) Center for Reproductive Health. Institutional Review Board approval was obtained before the initiation of the study. All patients undergoing IVF were considered for participation in the study. However, only patients who were planning for a day 3 embryo transfer were enrolled in the study, given that day 3 embryo transfer is more often associated with high order multiple pregnancies [6, 20] .
Controlled ovarian stimulation was performed using gonadotropins and different protocols as previously published [23] . Briefly, follicular growth was induced with gonadotropins and egg retrieval was performed when two or more follicles had reached 18 mm or greater in maximal diameter. Oocytes were collected by transvaginal ultrasound guided needle aspiration under deep conscious sedation.
Conventional insemination or intra-cytoplasmic sperm injection (ICSI) was performed according to clinical indications. Normally fertilized oocytes, defined by visible two pronuclei found between 16 to 19 h post insemination, were placed into individual 25 μL media droplets covered with Ovoil (VitroLife, Englewood, CO) for culture. For inclusion in the present study, patients had to have (i) a normal uterus; and (ii) undergo a non-traumatic embryo transfer procedure on cycleday 3. Patients characteristics are summarized in Table 1 . Importantly, embryos were cultured in individual drops, so embryo morphology and pregnancy outcome could be readily assessed. The study was carried out in two stages. Results from preliminary data (set 1) prompted the expanded investigation with a more sensitive NMR probe and a wider variety of IVF conditions (sets 2 through 5) that represent the changing conditions in an IVF clinical setting. The overarching assumption that lead to the current study design was that the spent media of viable embryos (defined as embryos able to implant) would have a very distinct metabolomic profile compared to the spent profile of embryos that do not implant independently of any individual characteristics of the patients (including age) or stimulation protocols.
On culture day 3, embryos were graded based on conventional morphological criteria [19] . The number of embryos to transfer in each patient was based on age, prior fertility history and ASRM guidelines [1] . Overall, patients had an average transfer of 2 embryos (2.5 in the non-implanted group and 1.9 in the implanted group) The embryos identified for transfer were removed from the droplets with minimal volume of media and placed into another petri dish to be loaded into transfer catheter. The spent media (14 microliters) was collected into labeled Eppendorf tubes and immediately stored in −80°C freezer. At the same time, a control media droplet, which had been incubated in the same culture dish as the spent media samples, was collected. The NMR signal of the control droplet was subtracted from the NMR signal of the droplet containing an embryo to control for potential changes in media composition present between different lots of media.
Each sample was labeled by its embryo's implantation status, which was determined by presence of fetal heart beat at 6+ weeks on ultrasound examination. The media of transferred embryos from patients for whom not a single implantation was successful were labeled as "0 % implantation". The media of transferred embryos from patients for whom all transferred embryos implanted were labeled as "100 % implantation". Only media samples from these patients for whom all embryos transferred either did or did not implant were considered for the present study. Media samples were shipped on dry ice to the State University of New York, Buffalo. Acquisition of the NMR spectra was performed blindly, with the investigators not knowing the implantation status of individual media drops.
A total of 228 spent media samples from 108 patients were collected in five different sets ( Table 2 ). Results of Set 1 experiment (n029 implanted embryos and n028 nonimplanted embryos) provided motivation for expanding the investigation. The five different sets reflected changes in the culture media implemented by the manufacturer. Set 1 (57 samples from 26 subjects) contained G 1.3 media (VitroLife, Englewood, CO) samples supplemented with 5 % human serum albumin (HSA; Sage In-Vitro Fertilization, Cooper Surgical Company, Trumbull, CT, USA). Set 2 (48 samples from 25 subjects) contained the same media and supplement, but NMR data were acquired differently (see below). Set 3 (27 samples from 12 subjects) contained G 1.5 medium (VitroLife, Englewood, CO) supplemented with 5 % human serum albumin (HSA; Sage In-Vitro Fertilization, Cooper Surgical Company, Trumbull, CT, USA). Set 4 (27 samples 
NMR data acquisition and processing
For set 1 of media samples, NMR data were acquired (total measurement time 354 h; Table 2 ) at 25°C using a Varian Inova 600 spectrometer equipped with a PROTASIS® micro-flow probe connected to an auto-sampler as described previously [29] , processed following established standard operating procedures [29] , and high spectral quality was validated as described elsewhere [7] . For Sets 2 to 5, NMR samples were prepared by combining 14 μL of media sample with 28 μL of a D 2 O stock solution containing the internal standard formate (1.0 mM) and NaCl (0.9 %w/v). The NMR sample was transferred to a capillary tube (New Era Enterprises, Inc. NJ, USA) with inner diameter 1.2 mm, which was then inserted into a regular NMR tube with 5 mm inner diameter containing 500 μl of D 2 O for stable 'locking' of the spectrometer. NMR data were acquired (total measurement time 966 hours; Table 2 ) at 25°C using a Varian Inova 600 spectrometer equipped with cryogenic probe. Spectra were processed and high quality was validated as described for the spectra for Set 1. 1D
1 H Carr-Purcell-Meiboom-Gill (CPMG) spectra was acquired for all sample sets, as we have done before [7] . NOESY spectra [7] acquisition was limited to Set 1, 2 and 3 given that no additional information was gained by this analysis after preliminary review. To alleviate the impact of variations of the complex 1 H NMR profile of SSS (Set 5), spectra acquired for control samples were subtracted from the spectra acquired for spent media samples. Representative 1D 1 H CPMG spectra is shown in Figure S1 .
Statistical analysis
Spectral data integrity was investigated graphically without knowledge of outcome variable (implantation status). Spectra were normalized to unit integral and subdivided in small regions called bins (with 0.005 ppm resolution) to reduce effects arising from variations of total signal and signal positions [15] . Univariate analysis of spectra included logistic regression analysis to calculate the likelihood of implantation for each bin, followed by Bonferroni correction [15] . Bins with False Discovery Rate (fdr) of less than 0.05 were noted as "promising candidates" for biomarkers differentiating implanted from non-implanted embryos [3] . Similar analyses controlling for clinical covariates (e.g., egg age) were completed. Difference spectra (sample-control) obtained for set 5 were analyzed in the same way.
The primary multivariate analysis was a principal component analysis (PCA) of the spectra to reduce the dimensionality of the data followed by logistic regression to predict implantation status. Additionally we pursued supervised methods including k-nearest neighbors, and partial least squares discriminant analysis with and without a genetic algorithm for variable selection [30] . Predictive models were evaluated by the area under the Receiver Operating Characteristic (ROC) curve and by crossvalidated predictive accuracy. Data sets could not be combined as culture media and NMR conditions varied. Cross-validation sets were chosen at the patient level rather than the sample level to ensure independence of training and test sets [2] . Difference spectra obtained for set 5 (i.e., samples containing SSS) by subtracting the spectrum of the control sample were analyzed in the same way. Statistical analyses were completed in the R (http:// www.R-project.org) and MATLAB® (The Mathworks, Natick MA USA) computing environments. 
Results
Patient characteristics are described in Table 1 . Overall, patients whose embryos implanted were more often stimulated with a downregulated Lupron protocol (47/ 54, 87 % vs. 34/54, 63 %), had a thicker endometrial lining (9.9 vs. 8.9 mm), more 2PN embryos (10.5 vs. 7.8) but fewer embryos transferred (1.9 vs. 2.5) compared to patients whose embryos did not implant. In addition there was a tendency for longer stimulation (11.3 vs. 10.3 days, p00.06). However, the two groups of patients were similar in all the remaining characteristics, and importantly they had a similar age (36.5 vs. 37.7) and their embryos had similar cell number (8.1 vs. 7.8) and fragmentation score (1.68 vs. 1.87).
Univariate and multivariate data analyses indicate that 1D 1 H NMR-based profiling of metabolites in culture media do not identify implantable embryos Five datasets were used to investigate the research hypothesis that metabolic profiles of spent media culture differentiate implanted and non-implanted embryos. Univariate analysis of set 1 samples found the mean signal of one region of the NMR spectrum (bin 5.65) to be different (p0 0.009 post Bonferroni correction) between implanted and non-implanted embryos. Similarly, multivariate analysis of set 1 samples provided a predictive model with area under ROC curve (AUC) of 0.75 (p00.04). The numerical value of this area would be close to 1 if the prediction was excellent and close to 0.5 if it was poor. The model differentiated between implanted and non-implanted embryos (Tables 3 and 4 , Fig. 1 ) with 69 % sensitivity (correctly identifying an implanted embryo) and 40 % specificity (correctly identifying a non-implanted embryo). Hence, although the class means in Set 1 could be distinguished, individual predictions were poor. Thus additional studies were performed using a spectrometer with higher sensitivity (i) to reproduce and validate the class separation, which is a key step in studies with multiple predictors, and (ii) to improve the ability to make accurate individual predictions.
Univariate analyses in Sets 2 through 5 identified, respectively, 0, 1, 32, and 0 different bins as candidate biomarkers to separate implanted versus non-implanted embryos. However, no bin was identified as promising (i.e., had fdr<0.05) in more than one Set. That is, Sets 2 through 5 did not validate Set 1 or each other (Table 3) .
Multivariate analyses of Sets 2 through 5 did not identify good class separation with the exception of Set 4 (p00.002, area under the curve00.87, Table 4 ). However, Set 4 was the smallest of the five datasets (27 samples from 13 patients). In the remaining Sets (2, 3, and 5), implanted embryos did not have a different signal compared to non-implanted embryos (p>0.25, AUC near 0.5, Fig. 2 ). Additional statistical analysis using different methods of multivariate analyses (Partial least squares regression discriminant analysis with and without a genetic algorithm for variable selection; k-nearest neighbors; data not shown) confirmed these conclusions [24] . Analysis of difference spectra (i.e., subtracting the signal of the control sample) did not improve separation (not shown).
Discussion
In this work, we show that 1 H NMR spectra of spent culture media of day 3 embryos that implant (100 % implantation) are not consistently different from the spectra of embryos that fail to implant (0 % implantation). Specifically, the discrimination offered by NMR-based metabolomics could not increase the efficiency of embryo selection and thus IVF success rate.
Our study contrast several publications that showed a correlation between specific metabolic profiles of embryo spent culture media and successful implantation [18, [25] [26] [27] [28] 31, 33] ; however, our findings are consistent with the results from two recent randomized controlled trials [11, 31, 33] showing no improvement in pregnancy outcome when media profiling was added to the conventional embryo selection protocol. In particular, our findings are contrary to the study of Seli et al, [26] and to the study of Pudakalakatti et al [18] where a positive correlation was found between implantation and NMR profiling. The reason for the difference is unclear. However, it is important to note that our study had a much larger sample size. In our study we included 108 patients: more specifically we included 106 embryos (from 54 patients) in the 100 % implantation and 140 embryos (from 54 patients) in the zero implantation group. The Seli study only included 18 patients: 17 embryos (from 10 patients) implanted and led to delivery (100 % sustained implantation), whereas 17 embryos (from 8 patients) did not implant (zero percent implantation). The Pudakalakatti study included 48 patients (and the profile of 43 implanted embryos and 57 not implanted embryos) and specifically analyzed only few metabolites: lactate, pyruvate and alanine. In addition, the authors used a "per patient" definition of successful implantation: because multiple embryos were transferred in the same patient, a group of embryo was defined as implanted if at least one embryo in its cohort was implanted successfully. The particular embryo that resulted in successful implantation could not be determined. However, for patients resulting in pregnancy (successful implantation), it was found that all embryos had a similar metabolic signatures in the NMR spectrum. This point is important and we believe it represent a critical limitation of the Pudakalakatti study, since our data analysis showed that even among sibling embryos that resulted in implantation the NMR signature can be very different.
Most importantly, none of the reported studies performed validation of their prediction model in an independent data set. Our study was specifically designed to validate results of the initial experiments in independent data sets. NMR data were acquired for five independent sets of media samples in order to make a most comprehensive attempt to validate the findings for the individual sets. While Sets 1, 2 and 4 ( Table 2) were conducted on embryos cultured on the same type of media (G 1.3 and HSA), set 3 were performed on embryos cultured on G 1.5 +HSA medium and set 5 on G 1.5 +SSS medium. Overall, it was not possible to jointly subject NMR profiles from different sets to multivariate data analysis since the differences of the culture media composition and their supplements clearly dominate class separation. The inability to compare metabolomic profiles between media containing different components is Fig. 1 ). Dashed ellipses represent 95 % prediction regions and similarly overlap a key finding, since culture media manufacturers routinely change and improve culture media. Furthermore, different IVF laboratories might use different culture media; here we show that changes of media composition profoundly affect the metabolomic profile, even when a very rigid standard operating procedure in a single laboratory was adopted. A robust embryo predictor technology for routine use in a clinical setting should, however, not be influenced by these differences.
In addition, even when limiting analysis to embryos cultured in same media but in different sets (Sets 1, 2, 4) , prediction model could not be confirmed in independent data sets (Tables 3 and 4) .
Several studies have analyzed the differences between metabolites present in media from implantable versus nonimplantable embryos [5, 8, 9] . For example, Conaghan showed that pyruvate uptake was lower, on average, in embryos that implant compared to embryos that did not implant [5] . However, pyruvate uptake in individual embryos differed widely, indicating that pyruvate uptake is a rather poor marker for embryo selection [5] . Pudakalakatti et al also analyzed the concentration of pyruvate in spent culture media; in addition, lactate and alanine were assessed in 57 embryos that implanted and 43 embryos that did not implant using NMR [18] . They found that embryos transferred on day 3 (after 72 h in vitro culture) with successful implantation exhibited significantly higher pyruvate uptake (not lower, as in the Conaghan study) and lower pyruvate/alanine ratios compared to those that failed to implant. Lactate levels in media were similar for all embryos. On the contrary, Seli et al, also using NMR, did not find any difference in pyruvate or pyruvate/alanine ratio but found that implanted embryos had higher glutamate and lower alanine levels, and a decrease in the alanine to lactate ratio [26] . In a more recent study Gardner et al analyzed the daily glucose consumption of post compaction embryo in spent culture media using microfluorimetry [9] . The author found that glucose consumption in embryo that implanted was significantly higher on both Day 4 and Day 5 than that by embryos which failed to develop post-transfer (p<0.01) and that glucose uptake was independent of embryo grade. In summary the above mentioned studies indicate that the mean (average) concentrations of several metabolites can be different in the two groups; however each study showed a large intra-group variability that does not support robust individual predictions. Importantly, none of the research group attempted to validate their findings in independent data sets. More concerning, the metabolites found to be altered in spent culture media of implanted embryo in different NMR studies are not consistent, indicating lack of reproducibility between different studies.
A potential limitation of our study is inclusion of single as well as multiple embryo transfer cases. Our experimental design was however modeled to reflect the more common practice of multiple embryo transfer prevalent in US [10] ; moreover the studies published using NMR technology used a similar multiple embryo transfer design [18, 26] .
One additional consideration to ponder while analyzing our study and embryo selection and implantation studies in general, is the fact that the endometrium could play a role in allowing an embryo to implant. However, it is important to note that all patients in our study had evidence of normal endometrium defined as 1) lining of more set the than 7 mm and 2) had to have a normal saline sonogram. A potential confounding factor is that patients whose embryos implanted showed some evidence of better clinical prognosis (had higher estrogen levels on day of hCG, a thicker endometrial lining, more 2PN embryos and had less number of embryos transferred). However, other important clinical markers (age, fragmentation score or number of embryonic cells) were not different among the groups.
In conclusion, we have found no significant difference between 1 H NMR profiles of spent culture media of implanted versus non-implanted embryos while following a rigorous protocols and using one of the most sensitive technologies available today to study metabolite profiling. Although it might be possible that future advancements of NMR hardware may improve class separation and thus predictive accuracy of NMR-based profiling, our findings suggest that variations of embryo-dependent metabolite concentrations in media are too small to be of predictive value for embryo selection.
